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A History of GPS Sounding
Thomas P. Yunck Chao-Han Liéand Randolph Wate

Abstract

The roots of GPS sounding go back to the first days of interplanetary flight. In the
early 1960's teams from Stanfotdniversity and the Jet Propulsiobaboratory
exploited radio links between Earth and the Mariner 3 and 4 spacecraftoioe

the atmosphere and other properties of Mars. Radio science has since been a
staple of planetary exploration. Before the advent of GPS, applicationdod
occultation to Earth was deemed impractical, andvats not immediatelgvident

that even GPS could be usefully adapted. Techniques ddeisgdodesy in the
1980’s, including “codeless’tarrier reconstruction, clock elimination byouble
differencing, GPS-based precise orbit determination, and compact, low-cost
receivers, set the stage. JPL submitted the first GPS occultation propdsAlSA

in 1988. Though that “GPS Geoscience Instrument” did not fly, it established the
concept and led soon to the GPS/MET experiment, conceived by the University
Corporation for Atmospheric Research and sponsored by the US NaGaiethce
Foundation. The remarkable success of GPS/MET has led NASA to mount follow-
on experiments on five international missions, launching between 19920401
Thosewill refine the systemand techniques of GPS sounding, setting shege

for COSMIC—the first operational GPS occultation constellation.

Introduction

Predictions, like pioneering space missions, can be risky, and forament we can
not be certain how this venture @PS occultationknown asCOSMIC will play out. But
of this therecan be littledoubt: Thefortunes ofCOSMIC will do much to determine the
course of spaceborne GB&encegenerally, and if those fortunestain theirpromise the
history of GPS sounding as told in 20 years will largely begin with the missiorbatose
us. Indeed, it is a rare undertaking of any kind that can offer such sweeping consequences.
Should COSMIC succeed, itwill transform the way we approactatmospheric remote
sensing. The ubiquitous signals frdaPS, together withRussia’'s GLONASS, Europe’s
Galileo, and a host gblanned commercishnd military craft in high orbits will become
illuminating beacons enveloping tlearth. Developmeninspired by a COSMIGuccess
will give rise to low-cost miniature occultation sensors and automated data systems that will
openthe door to a suddermmassive expansioflhe emerging constellations &jw earth
orbiters (LEQO’s), with platformsoon tonumber in théhundredswill be poised tohost
these sensors at almost negligible marginal cost, to the potential profit cshtaesholders
and the lasting benefit of earth system science.

A few years after the completion of COSMIC we can expect to be acqudng00
or more occultation soundings each day, yielding a horizontal sampling resolubettenf
than100 km. This will bring dramatic improvements to operational weathealyses and
enablefor thefirst time “snapshot” 3Dimaging of the globalonosphere. Aoccultation
sensorsecomeubiquitous on “BigLEO” arrays,horizontal resolution may reach the 50
km twice-daily goal cited ilNASA’s 1998“Easton Report” [unpublished] dse ultimate
desired for initializing global weather models.

! Jet Propulsion Laboratory, Pasadena, California
2 National Central University, Chung-Li, Taiwan
3 University Corporation for Atmospheric Research, Boulder, Colorado
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Fig. 1. Examples of the diverse areas of Earth science in which COSMIC and other
spaceborne GPS missions will have a significant impact.

Now and then therarises a kind othance convergence of disparate threhds
brings an opportunity so rich, so felicitous arevarding,that it should not bellowed to
pass. Today bygood fortune we setlie almost concurrent emergence of evagment
vital to anew global enterprise I'GPS sounding: copiousigh beacons at nearigeal
frequencies bathing the globe; great constellationsowf orbiters equipped with GPS
receivers anddesigned, conveniently, for instantaneaylebal datatransfer; low-cost
microelectronics of staggering power; and the occultation technique itself—the most precise
and arguably the simplest spaceborne atmospheric probe yet devised. The range of science
payoffs, which spanglisciplines from meteorology andlimatology to ionospheric
physics, space weather, geodesy, and physical oceanography, ¢blpsdaearly every
other earthsensing technique. Figuredkpicts some othe sciencepursuits in which
COSMIC and itssuccessorsvill have a decisive impact. This compelliagjgnment of
forces is occurring, moreover, atiame whenthe emergence of commercial data markets
could, withthe impetus of a COSMIGuccessgive rise to extensive occultati@rays
deployed entirely at privatexpense. Ware at a time ofransition in atmospherieemote
sensing and COSMIC sits at the nexus; a success here could well change everything.

Though GPS sounding is the newest entry in atmospheric sensing from space, it is in
a sense the most primitive. Today’s arsenal of technigues—microwave radiometry, passive
infrared, solar occultationactive lidar—dependultimately on atomic-level phenomena:
principles firmly rooted in 20 centuryphysics. By contrast, GP8ccultationrests on
suchclassical pillars as elementaoptics, thermodynamics, gdsws, and electromagne-
tism, all developed well back in the #@entury orbefore. Though it hataken modern
technology and the space program to transform these foundatioqsadaticalsystems for
remote sensing, the technique itself could have been readily grasped 150 years ago.

It was the moresurprising, thereforehat asscientists began texamineGPS as a

tool for atmospheric sensing in the late 1980’s they found it offered so many attractions not
found in the established space techniques. Here is a partial list:
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« Compact, low-powerow-data-ratesensorscosting of order $300Kather than
millions or tens of millions, easily embedded in spacecraft large and small

* An ability to sound the atmosphere from the stratopause to the earth’s surface

* A vertical resolution of a few hundregheters in theropospherecompared with
several kilometers or worse with other space instruments

* Self-calibrating profileghat neverdrift, can be compared betweath occultation
sensors over all time, and provide a calibration standard for other sensor types

* Virtually unbiased measurements that can be averaged over days or wgeks to
normal points with an equivalent temperature accuracy of order 0.1 K

 Fully independent measurement messure and heighpermitting recovery of
absolute geopotential heights and derived winds with no external reference

* The prospect of concurrently sampling the full global atmosphere at low cost

» An extraordinary diversity of applications outside of atmospheric science

Early History

The idea of atmospheric radio occultation emerged in the @ayly ofinterplanetary
flight. Scientists seeking to extract the most from fleefliylsy encounters notethat as a
spacecrafpassed behind a planet, ieio linkswould besystematically refracted by the
atmosphere.They then began devisingays todeduce atmospheric properties from the
observed effects, whicinclude the Dopplershift, attenuation, and scintillation. An
account of these earlgfforts is given inMelbourne etal. [1994]. The first relevant
proposalcamefrom a group at Stanford University 962, inpreparationfor NASA’s
Mariner 3 and 4missions to Mars. The Stanford group hadleveloped a one-way
observing systemexploiting the radianstruments aboarthe early Mariner spacecraft to
monitor charged particles and plasma in interplanetary space. In this approach, a dual-band
phase-coherent signalas sent fronkEarth to the spacecraftherethe differentialphase,
which is stronglyaffected by the presence of chargeatticles, wasneasured and sent
back to Earth in the datstream. The 1962 Stanford proposal wouldave used this
technique during encounter to prokiee Martian ionosphere and surface properties
[Fjeldbo, 1964]. Because the one-way technique is limited by oscillator instabilities at both
the transmitter and the receiver, it was expected that phase drifts in the spacecraft oscillators
would mask the slight refraction effects of the thin neutral atmosphere on Mars.

The JetPropulsion Laboratory, meanwhile, hatbveloped atwo-way coherent
Doppler tracking system in the late 1950’s for navigating spacecraft to the moon and nearby
planets. In thistechniqgue a signal is sent the spacecrafivhere it is coherently
retransmitted (after a small frequerstyift) to Earth for detection and measuremgste,
for example, Melbourne, 1976]. In this case, only the earth-based oscillator,cahitie
of the highest quality, comes into play. In 1968 JPL groupindependentlyproposed to
probethe Martian neutrahtmosphere by the more precis#-way occultation technique
[Kliore et al, 1964]. This was chosen BWSA for Mariners 3 and 4 and ih964 ajoint
experimenteamcombining theStanford group (focusing athe ionosphere) anthe JPL
group (focusing orthe neutral atmospherayas formed. Thusegan a pioneering
collaboration lasting more than 20 years, which established “radio science” as a mainstay of
planetaryexploration. Inthe mid 1960’s, the Stanford-JPLteam introduced theAbel
inversion technique [Fjeldbo andshelman, 1968; Fjeldbo et al, 1971] in which the
observed bending angle induced by the atmosphere is tapped to recover precise refractivity
profiles [Kursinski et al, this issue]. Abel inversion theen the foundation afccultation
analysis ever since (though owing to the great observing stren@®R $fAbel maysoon
give way to more generalizednversion methodghat combine multipleobservations).

Radio occultatiorhas now probedhe atmospheres of nearly evepfanet in thesolar
system and many dheir moons,and revealed properties of planetayrfaces and ring
systems as well [e.g., Kliore et al, 1965; Fjeldbo and Eshelman, 1968; Fjeldbo et al, 1971;
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Eshelman, 1973; Lindal et al, 1983; Tyler, 1987; Lindal, 1992]. Figure 2 sheas@e
of data taken during the occultation of Voyager 2 by Uranus in the late 1980’s.
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Fig. 2. Sequence of power spectra made of open-loop data acquired from Voyager 2 while
occulting behind Uranus. Structure in lower troposphere gives rise to multiple frequencies.

It is something of an irony that radio sounding has been applied fruififwliyecades
everywhere in the solar system—except on Earth. The reasons for this are nofihdtd to
First, a propermccultation requires both a transmitter and a recederthe planet of
interest; seldom in the past have we had such matched pairgar&aMore significantly,
to be of value in studying our own atmosphere, which we knomately, suchmeasure-
ments must be comprehensiw@ntinuous, synoptic. Weaquire many transmitters and
receivers aloft at once, densely sampling the global canopy every few hours. There were in
fact suggestions as far back as the 1960’s for adapting the occultation technidjugtaad a
way to Earth[Fishbach, 1965; Lusignan at., 1969] but, asioted byKursinski in his
1997 doctoraldissertationthe extensive required infrastructure impliedast “exceeding
the level of interest.” Itis a further irortgatwhat a shortime agowas dismissed for its
evident impracticalitynow appeals in partor its promise ofunequalledeconomy. By
fortunate happenstance the many-billion-dollar investment in basic infrastrbetsioeen
madefor entirely differentreasons; anthe occultation sensor—little more than a special
purposedigital processor—is not only inexpensive buthecoming almost universally
required (in slightly reduced form) for navigation and timing on low earth satellites.

Dawn of the Modern Era

Even after the impending arrival &PS became generallgnown inthe late1970’s
therewas aconsiderable lag—about a decade—before the occultation possibilities were
recognized. This may seem curious when we con#iidé(l) GPS wasonceived at the
outset for use in low earth orbit [Parkinson, 1976]; (2) the ideah orbiting occultation
had already been advanced several time39%0; (3)the solid earth scienceommunity
had begun touting GPS as a potential centimeter-level geodetic system as early as 1978; and
(4) planetary occultation, as we hageen, wasseized upon atthe earliestpossible
moment, even before the basic data analysis concepts had been devised.
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There were several reasons for this delay.tH#®1970’s avariety of “conventional”
atmospherisensingtechniques were in development and theas no stronglyfelt need
within the science communitypr somethingmore. Perhapmore significantly,GPS and
its mode of operation did not easily fit the occultation paradigm develimpeolanetary
science, and practicing radio scientists did not readily perceiyeo®bilities. GPS is a
strictly one-way observing system, which, as we sathenplanetarexample, appears to
imply a needfor stable oscillators all transmitters and receivers. vilas knownthat
although GPS would flyatomicclocks, the signals would bententionally destabilized for
“unauthorized” users in a process known as “selective availability.” This appedreplyo
a needor costly classified receivers amperations, if permissiooould be gained aill.

In addition, during glanetary occultation the signghase modulation isither removed,
leaving a purecarrier, orkept well below90° sothat astrongcarrier componentemains.
GPS signals, by contrasdare always fully phase-modulate@d90°) with rangingcodes,
resulting in a so-calledsuppressedcarrier” (i.e., no carrier line in thespectrum).
Although technicabkolutions to recoverinthe GPS carrierseven without knowledge of
the codes, are straightforward, this presenteshrly conceptual barriers tthose who
regardedGPS asstrictly a code-basedmeter-levelrangingsystem. Forthe occultation
task, millimeter precision would be neededTherewas furtherconcern that the precise
modeling of receiver motion required for accurate retrievals would tax the state of the art in
orbit determinatiorfor a low Earthorbiter. Finally,planetary occultations employ highly
directional antennas at bo#imds tomaximize signal strength andeject external and
reflectedsignals. Thewide GPS beams and the nearly omnidirectional anternygisally
adopted in receivers, whiladequatefor meter-levelpositioning, seemed ill-suited to the
demanding occultatiotask. Instrument designerfaced theprospect of a clumsy and
costly “bouquet” of steerable high-gain antennas on each sensor.

It was the pioneeringvork of GPS geodesists the early and midl980’s that put
theseissues to rest. By 1987 it was kno@wnthin a small communityjhat unclassified
“quasi-codeless” receivers with broad-beam antennas could recover dual-frequency GPS
phase withthe requisitamillimeter precision, andhat astrategy of concurrent observing
from multiple sites would permit “double differencing” and related technifiives 1984]
to eliminate selective availability and other clock errors. It was then a small steptihatsee
analogous techniques could be apptigectly in occultationprocessing taemove clock
errors [Kursinski et al, thisssue]. It thusemerged that thene-way GPS observing
constraint, which at first seemed to demand stable clocks everywhdesystem,could
be artfully adaptethrough concurrent observations gtiminate stableclocks altogether.

This enabled both accurate retrievals and a reduction in instrwosnt Moreover, it was
becoming clear that thieasic techniques dBEPS geodesyould be extended to provide
few-centimeter orbit determinatidior any low earth orbiter [Yunck eal, 1985], easily
adequatdor occultation datanalysis. As hakappened repeatedly in thisdertaking, a
fortuitous unfolding of eventginimagined in the originadystem conceptg;ombined to

make the seemingly prohibitive almost trivial, but it required a new way of approaching the
occultation problem. In the end, what appears under the original radio science paradigm to
be a clutter of near-fatal liabilitiesan, byingenuity andgood fortune, barranged into a
self-correcting whole of elegant simplicity.

The GGI Proposal

By 1987 all elements were in place to crystallize this vision, but a sdbd fiorm of
a perceived need was still lacking. In another stroke of fortunate timing, NASA announced
in mid-1987 a majonew Earth science initiative: #&ng-term observing prograrthat
would become “Mission to Planet Eartffiow “Earth ScienceEnterprise”). The center-
piecewas to be a series of massearth satelliteknown asthe Earth Observingystem
(EOS) devoted to thstudy of ourplanet as aomplex,interdependent whole—a pursuit
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known asEarthSystem Science. In cooperation with otimernational space agencies
NASA issued an openall in Dec1987 for newinstrumentconcepts. Thigame to the
attention of one of ugyunck), whoheaded a&5PS geodesy group aPL. A proposal
teamwas formed in Januaryt988, seeking broadkarth science applicatiorier a space-

borne GPS receiver, dubbed the GPS Geoscience Instrument (G®Heam, consisting
largely of geodesistshad little initial enthusiasm foatmosphericsounding. In March,
Yunck approachedr. Gunnar Lindal, deading planetary radio scientist #PL who,

under thenameFjeldbo, had been a principal on ti8tanfordteam thagproposedhe first
planetary occultation experiment in 1962. Taking into account the latest techniques of GPS
geodesy,Yunck suppliedLindal with a breakdown oéxpectedGPS phasemeasurement
errors (thermalnoise, multipath, high order ionosphere) and within a feaurs Lindal
reported that we could expect to measure stratospheric and upper tropospheric temperatures
to about 1 K, with a vertical resolution of about 1 knin a memo dated 15 Mard988,
possibly the first written pronouncement on the subject, Lindal wrote:

In the ionosphere, the refractivity data yields the vergtadtron densityistribution. Below
approximately 50 km altitude, the refractivity mayused to determinthe density pressure,

and temperature distribution in the stratosphere and upper troposphere. (The air density in the
mesosphere is too low to permit reliable measurements.)

Nearthe top of the stratosphere, thkitude resolution of the profilewill be 1.5 km, as
measured by the height of the first Fresnel zone. Astinface the vertical resolutiomnvill

vary with the meteorological conditions in the regions probed by the links, but will typically
be about 0.5 km. The corresponding horizontal resolution longitudinal to the linkangk

from 200 km to roughly 100 km over the same altitude interval. Scaling of previous results
from Titan indicatesthat it should be possible tdeterminethe temperature near the
tropopause to an accuracy of about 1 K.

Note that therefractivity profiles donot uniquely define the verticalchanges inboth the
composition and temperature of the lower troposphere. In order to determine density, pressure,
and temperature profiles from thadio data inthis region, it istherefore necessary tmbtain

the water vapor distribution from another source.... Conversely, ifethgerature profile is
available from other instruments, onanuse the refractivity profile to compute thertical
distribution of water vapor. [Lindal, 1988]

This accurately capture®ur understanding an@xpectationstoday. Lindal quickly
computed refined estimates of the expected temperature accuracy at several levels in the
atmosphere, from which a curve of projected accuracy was created. Figures 3akeah 4,

from the 1988 GGI proposal,llustrate the occultation concept and the projected
temperature accuracy as a function of altitude. Confggrd withthe far moredetailed
analyses of Kursinski et al in this issue.

Also in March 1988, another of us (Lithen at thdJniversity of Illinois) joined the
GGl team to develop thenospheric science portion tfe proposal. Inanotherexample
of serendipity, Dr. Liu and his colleagues had just published the first papers introducing the
concept of “ionospheric tomography”: imaging the ionosphere in 2 and 3 dimensions with
multiple observations of earth satellite links [Austen et al, 1988]. This wakeamipe for
exploitation by the rich harvest of ionosphere-piercing dual frequsigoyals GGI would

* For completeness we should record that in late 1987, unknown to the GPS team, a phatietacience
group was also contemplating an EOS occultation proposal. Thairept employedhe high gain
TDRSS antennasaboard eaclEOS spacecraft to conduttvo-way soundings through the geosynchronous
TDRSS satellites, effectively transplanting the interplanetary paradigm to earth ortaarlyih988, when

the two groups became aware of one another, the TDRSS team change@ptaEch toGPS occultation.
But, unfamiliar with GPS carrierreconstructiorand other calibration techniques, the teassumedcode-
basedone-way ranging and, evenwith aggressiveSNR assumptionsestimatedlimiting temperature
accuracies of about 7 K. The proposal was not submitted.
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collect. In addition, Dr. William Melbourne of JPL, with a diverse background in astrono-
my, geodesy, radio science, and navigation, was tapped as Principal Investigator.
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Fig. 3. Conceptual illustration of GPS atmospheric occultation (from 1988 GGI proposal).
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Fig. 4. Early estimate of expected temperature accuracy vs. altitude with GPS occultation
(from 1988 GGl proposal).

Recognizing the value of an array wmceivers,the GGI team proposed toplace
instruments orall US EOSplatforms,the European EO$latform, andthe International
Space Station—the maximum allowadderthe EOScall. In Februaryl989, the GGl
proposal was approved fall and it appearethat NASAwas ontrack to deploy thdirst
GPS occultation constellationOver the next thregears, howeverthe EOS program
confronted drastic cutbacks and restructuring, and in 839Bwas droppedBut by then
the ideahad been aggressively promoted among international science agencies and
throughout the earth science community [Yunckletl988;Yunck andMelbourne, 1989;
Melbourne et al, 1994]. While there was resistance within pattsecitmospheric science
establishment, scattered groups of advocatexaadivenew flight initiatives, several in-
volving tiny microspacecratft, were beginning to appear in the US, Europe, and elsewhere.
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Fig. 5. Artists rendering of NASA’s MicroLab | spacecraft which carried the GPS/MET
receiver. The occultation antenna is on the right side; receiver is immediately behind.

The Rise of GPS/MET

At this point the focus shifts to the University CorporationAtmospheric Research
(UCAR) in Boulder, Coloradoand to theirsponsoring agencyhe US National Science
Foundation. In 1991, a group WCAR (which had also been involved geodetic and
other scientificuses of GPS)including RandolphwWare, Michael Exner, and Ying-Hwa
Kuo, saw the promise of GPS occultation and swiftly put together a mssn@ept and a
proposal to the NSF. Thdeawas toplace alow-cost GPS groundeceiver, adapted for
occultation and ruggedized for flight, on an orbiting platform of opportunity to demonstrate
the technique irspace.The NSF respondewith enthusiasm, UCAR brought the US
National Oceanicand Atmospheric Administration, the Fedefaliation Administration,
and Orbital Sciences Corporation a®-sponsorsand almost overnight GPS/MET was
born. InApril of 1995the GPS/MET instrumemwas launched by &egasusocket into
low earth orbit aboardNASA’s MicroLab | spacecraf(Fig. 5). The instrument was
adapted from a commercial versionJ®fL’'s TurboRogu@eodeticreceiver,built by Allen
Osborne Associates; the software was modiftedlight by JPL. The GPS/MET science
team included Drs. Chris Rocken and Xioalei ZoWGIAR, Prof. Benjamin Herman and
his colleagues at the University of Arizona, and Drs. S. Sokolovskiy ar@advhunov of
the Russianinstitute of Atmospherid®hysics, where GPS radio occultation inversion
technigues have been studied sit®87 [Gurvich andKrasil'nikova, 1987]. Aparallel
analysis effortvas conducted atlPL underNASA sponsorship. The JPL team, which
developed separate analysis systems, included Drs. E. R. Kursinski, Geordgtebugn
Leroy, and LarryRomans. Atypical temperature profildrom GPS/MET isshown in
Fig. 6. For more on GPS/MET see Anthes et al [this issue] and references therein.

As is now known throughoubhe world, GPS/MET hadeen an unqualifieduccess

[Ware et al., 1996; Rocken at., 1997]and hasheautifully set the stager what issoon
to come. But GPS/METvas alimited first step. The flight instrumentwas adapted
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quickly from an early geodetic unit and offered onlgrinitive codeless capability. This
meant that it could acquire high quality datay during brief intervalsvhenthe Air Force

turned off GPS signal encryption, whichnermally oncontinuously. In addition, only a
single low-gain antenna directewards the limb was provided toacquire both
occultations ana@ll GPS datafor orbit determination]imiting both the occultation signal
quality and orbit accuracyPerhaps most significanthe receivelpossessedirtually no

special trackingsoftware tocope withthe weak anderratic signals passing through the
dense lower troposphere. Consequently, signal tracking frequently failed at altitudes of 3-5
km, particularly in the tropics and mid-latitudegere water vapor is prominent and the
thermalstructure complex. Nevertheless, analysighef unique GPS/METataset has
provided not just pioneering atmospheric science but enormous insight into the behavior of
occulted signals andthe requirementdor tracking them—knowledgehat has been
exploited in the design of the next generation of occultation receivers.
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Fig. 6. Early temperature profile from GPS/MET revealing sharp tropopause near England.
Nearby radiosonde measurements are shown for comparison.

The COSMIC instrument will feature high-gain antennas tailored to the occultation
task, pointing in boththe forward and reversgelocity directions,together with separate
upward-pointing broad-beam antennas to acgiatafor orbit determination; an enhanced
codeless technigue—the most advanget developed—which will providelata quality
during signal encryptiorsurpassingthat of GPS/MET with encryption off,adaptive
trackingloops tobetter maintain lock in the problematawer troposphere; and a unique
“open-loop” acquisitiormethod,pioneered on VoyaggiFig. 2), to assureapture of all
perceptible occultationdown tothe earth’ssurface,even when signallock cannot be
maintained. The GPS/MET effdmas alsded to the creation adophisticatedautomated
data analysis systems which, with further improvements for COSMIC, will be suited to the
most demanding occultation data challenges.

The IGS Reference Network
Another major legacy of GPS geodesy is the exterGR8 ground networthat has

provided the needed reference dat&RS/MET and will serve COSMIC and other future
occultation missions. In the mid and late 1980’s, GPS geodesgomdsicted exclusively
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on an episodic or “campaigtiasis,with receivers carried tthe fieldfor temporarydata
collection. By the earl990’s, falling receiver prices hadnade permanemetworks
feasible, and in 199fhe InternationalGPS Servicefor Geodesy (IGS) waformed to
oversee the deployment and operation of a permanent giebabrk to provide precise
GPSorbits and referencdata togeodesist$Mueller and Beutler,1992]. Bythe time of
the GPS/MET launch 1995, a network ofabout 100 permanent sitesvas in place,
funded entirely by geodetic interests, collecting precise reference data every 30 seconds and
returning them daily. To properly remove selective availability “ditfier’occultation data
analysis,reference data dt-sec intervals isequired. Beforeghe GPS/METlaunch, JPL
modified the receivesoftware at six othe IGS sites todeliver 1-sec sampleghat was
essentially the only expense incurred by GPS/MET to acquire ground reference data.

Today the IGS (noveimply InternationalGPS Service) oversees a thriving network
of over 250 sites worldwidemany of thenreturningdata evernyhour. Ajoint effort by
NASA and the German space agency is upgrading 20 of those sites to providdatasac
near reatime for several upcomin@PS occultation flights(see below). This highate
sub-network will provide ample redundancy to assure a suppigference datéor nearly
all possible occultations.The IGS recently expanded its formal charter to encompass
support for GPS data acquired from low earth orbit. The high rate network will continue to
be maintained tsupportoccultation and spacebori&PS sciencegenerally. (We might
note that theé5PS Joint ProgramOffice has announcethat selective availability may be
turned off before 2007; if that occurs, the sample rates needed for occultation reflatance
will be relaxed by about a factor 40.) While COSMIC and othermissionswill be
expected to contribute to itgperation,the infrastructure is irplace,the procedures and
protocols established, and the marginal cost to future users will be relatively small.

Orbit: 852 km, 98.74° inclination Drsted
Project Manager: CRI (Denmark)

Magnetometry
Charged Particles

GPS Mission: Atmospheric Occultation

Sunsat Orbit: 852 km, 98.74° inclination

Project Manager:
Stellenbosch University (S. Africa)

Primary Mission:
Communications Demo
Stereo Imaging
Laser Retro-Reflector

GPS Mission: Atmospheric Occultation

Fig. 7. Overview of @rsted and Sunsat microsat missions launched in February 1999.
The NASA Flight Experiments

The pre-COSMItistory of GPS sounding doest end withGPS/MET. Next in
line is aseries of fiveNASA-sponsored experiments on a divers& of international
flights of opportunity. Inspired by the pioneering example of GPS/MNASA agreed in
1995 to sponsooccultation receivers otwo tiny international flight projects: Denmark’s
@rsted mission, designed primarily for magnetic field mapping, and South AfSoa'sat,
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a student-built satellitearrying a high-resolution imager. These were both provided with
GPS/MET-clas®ccultation receivers andere launched together aboardeltarocket in

late February of 1999.After lengthy spacecraft checkopériods,limited datasetsbegan
arriving in September 1999. Because of antenna constraints on thesspstoadlraft, and
continuous GPS signal encryption,the data quality isconsiderably lower than for
GPS/MET. This is not entirely a bad. Though the data will be of limited science value, the
experiments will further hone analystilities towork with demanding occultatiodata

sets. In additionthe Sunsatinstrument can bapgraded in flight to improve its codeless
tracking performance and test open-loop trackatgprithms. The @rsted and Sunsat
missions are depicted in Fig. 7.

Fig. 8 The Argentine SAC-C spacecraft. GPSig. 9. The German CHAMP spacecraft. dw
antennas fore and afwill capture rising and aft-looking GPS antennas will capture segtin
setting occultations. A down-lookingntenna occultations. A down-looking antenna Iwil
will seek to capture GPS ocean reflections. seek to capture GPS ocean reflections.

A glimpse of the future o6GPS occultation will comefrom the nexttwo missions:
SAC-C (Fig. 8), anArgentine spacecraft carrying a multispectral imager and magneto-
meter, and CHAMRFig. 9), aGerman mission fomagnetometry and gravitynapping.
These much larger spacecraft are due to be launched separatelgpnirigeof 2000 and
will carry thefirst examples oflPL’s next-generation occultatioeceiver. Known as the
BlackJack, this is the prototype for the COSMIC receiver. SAC-C withéérst to carry
occultation antennas in both the fore and aft velocity directions, anthudllbethe first to
observe rising occultations. Both wi#ature more directional occultation anten§aslo
dB gain, though nooptimally tailored in beam patterand both will carrydown-looking
antennas in an attempt to reco@®S signalseflectedfrom the ocearsurface. All flight
software can be modified and reloaded dfteinch. Forseveralyears, thenCHAMP and
SAC-C will serve as developmental test bedsG&S sounding. In spacthis will allow
experiments with enhanced codeless acquisition techniques, adaptive tracking loops during
weak signal conditions, and open-loop sampling. th@rground,the data will beused to
test robust editing techniques,advanced retrievahlgorithms, calibration and validation
systems, and fully automated end-to-end analysis systems.

Finally, NASA will place occultation receivers on ttwvein GRACE spacecraft, now
set for launch in mid-2001GRACE is one of théirst of NASA’s Earth SystemScience
Pathfinder (ESSP) missions and is jointly sponsorethbyGerman space agenopRA.
The two spacecraft will fly information, 170-270 knapart(Fig. 10), performing precise
satellite-satellite ranging (accomplished by a modified BlackJack) to generate detgisd
of the earth’s time-varying gravity field. In additiadhe lead spacecraft will captunsing
occultations while the trailing spacecraft will acquire them as $e¢y Together they will
form the functional equivalent of a single COSMIC spacecraft.

While it is unlikely that @rsted and Sunsat will survive long ithie era ofCHAMP,
SAC-C, and GRACE, the latter three taken together, shbaidall succeedwill offer us
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the first semblance of a pilot constellation. Thoughamimally arrayedchor well adapted

to “operational” use, they will afford a great deal of experimentation and preparation before
the COSMIC launch. By that time the low-troposphere acquisition and retrieval techniques
will be well advanced, andhe end-to-endlata acquisitiorand analysis systemaill be

poised forimmediatehigh-volume,near-real-timegproduction. The sequencing of these
steps could hardly be improved.

mw

Fig. 10. The twin US-German GRACE spacecraft. GPS antennas fore and aft, one on each
spacecraft, will capture rising and setting occultations.

Implications for the Future

With this groundwork completed;OSMIC will inaugurate the age of operational
GPS sounding foweather forecastinglimate prediction, ionospheric monitoring, and a
suite of related earth science pursuits. All that went before wiirtkl®gue,and COSMIC
will become Chapter df, we expect, dong and rewarding adventure. tecentyears,
much speculatiommascentered on the likelgourse ofthe story to follow,and it must be
saidthatkey elements of its development agclear. In oneview, the COSMIC model
will be taken to its logical extreme: fliglyystemswill be further miniaturized and we will
see dedicated constellations ddzens or evemundreds oftiny free-flyers, eachwith a
mass of a few kilograms, consuming lgkan 10watts, and costing a few hundred
thousand dollars each to produced in volume (Fig. 11).

gel beg
The Large Space GPS Array %

Dozens of few-kg GPS Sensorcraft for Atmospheric,
lonospheric, Ocean, and Solid Earth Science

Fig. 11. Conceptual illustration of proposed array of few-kilogram “nanosats” dedicated to
continuous monitoring of the global atmosphere by GPS occultation.
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There is much to be said for this view. Consithet the next-generation dfASA’s
occultation receiver—palm-sized, withnaass of a few hundred grams, consuming a few
watts—will provide:

* Real time onboard position, velocity, and timing

* Real time onboard attitude and attitude rate determination

« All onboard spacecraft computation and control

* All onboard data storage

* All uplink extraction and command interpretation

« All tracking data for centimeter-level precise orbit determination
* Acquisition of all occultations and ocean reflections

Equipped with a tiny cell-phone chip, each unit will simply dial a local numbesand its
datathrough one othe orbitingtelecomsystemsdirectly to a computervhich, within
minutes,will generate and distribute finishedtrievals. Nospecialground systems are
needed eithefor tracking or datalownlink, and operations crews would lb# but non-
existent. Very little is needed to convert these tiny components into a finished autonomous
spacecraft: an enclosure, solar cells and batteries, magnetic torque aitisiétcontrol,

and (optionally) micropropulsion farrude orbit maintenance. These “nanosats” could be
launched in large numbers at little cost as secondary payloads on other launches.

Anotherview, depicted inour introduction, holdshat these samértues will make
the occultation instrument irresistible asad-on to constellatiorsreadyplanned. The
miniature receiver/processor cassumethe functions of several discrete spacecmafb-
systemsjowering mass, powerand cost in a cascade etonomies, while providing a
valuablenew science dimension and a potentially lucratilaga stream. The incremental
cost of adding an occultation component to otherwise unrelated constellations could be near
zero—or, indeed, negativAnd rather than requiring even a cell-phaep, these space
systems, as their principal mission, will provide the global telecom themselves.

On balance we beliewhat, atleastfor the immediatepost-COSMIC erathe latter
scenario is the more likelyThe investment needed to realize thanosat” concept is not
trivial and science agencies tend to proceed wéthtion. The US IntegratedProgram
Office, for example, which igleveloping the next generation operatiolwal-orbiting
weather satellite@NPOESS), haset itself the modest goal of deployihgo operational
GPS sensorgnatched by a thirdhfom Europe, bythe year2008. Another US science
official has saidhat athree-sensor array is sufficiefar their researctpurposesand ten
“luxurious.” Thevision of great constellations deployed at thewn expenseand risk,
even if ultimately economical, is not one that rests easily in theirghts. Thatvision has
instead been taken up bgdustry, which hasalready deployed thérst of the great
commercialconstellations, and, less aggressively, tbg military. (The US Defense
Department isnow evaluating the inclusion of occultatigensors on #uture 24-satellite
early warning system known as SBIRS-Low.) Together these constellailbnemprise
hundreds ofpacecraft wonderfully suited tbe occultationtask. Ultimately their own
self-interest, if not a love a$cience,may lead them t@dd occultatiorsensing tatheir
mission plans. But that will not happen until the full possibilities amewardsare made
manifest through the work we have begun. Until that work is done we can oettdia it
will happen at all. For the moment, COSMIC holds the key.
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